The aim of this work was to describe the density and viscosity and water tolerance of 1-butanol-gasoline blends. Density and viscosity of 1-butanol are higher than that for gasoline and they can affect these parameters in the final gasoline blend. Density increases linearly and viscosity exponentially with the content of 1-butanol. Water solubility in 1-butanol-gasoline blend was determined as the temperature of a phase separation. The water was separated in the solid form at negative temperature and the phase separation point was determined as the temperature of crystallization. Influence of ethanol and ethers used for gasoline blending on water phase stability of 1-butanol-gasoline blend was studied. Ethers are slightly miscible with water and they improve the phase stability. While ethanol is completely miscible water and increases the water solubility in the blends. Finally, water extractions of both alcohols from gasoline were done. In contrast to the ethanol-gasoline blends, 1-butanol remained in the hydrocarbon phase.
Introduction
Butanol exists in four isomers. Two isomers 1-butanol (nbutanol and butan-1-ol) and 2-methyl-1-propanol (isobutanol) can be easily produced from biomass via fermentation. At first, British Petroleum (BP) and DuPont conducted the research in the direction of the 1-butanol [1] . Because the octane number of isoalkanes is higher than that for n-alkanes (in general), BP and other manufactures (e.g., Gevo) switched later the production to isobutanol [2, 3] .
Nevertheless 1-butanol could be a possible alternative to the ethanol which is currently the most useful biofuel for spark ignition engines. 1-Butanol produced from waste biomass or nonfood agricultural products is classified as the biofuel of the second generation [4] . The preferred use of 1-butanol in the road transport is the production of motor fuels for spark ignition engines by mixing with conventional gasoline. The highest allowed concentration of 1-butanol (classified as other oxygenates) in the gasoline in the Czech Republic is 10 v/v% according to actual CSN EN 228 requirements.
1-Butanol could become an option for ethanol as a motor fuel for spark ignition engine due to its possible better physical-chemical properties. Properties of conventional gasoline meeting requirements of CSN EN 228 with an octane number of 95, ethanol, and 1-butanol are compared in Table 1 . 1-Butanol could affect the density and viscosity of its blends with gasoline due to their higher values compared to gasoline. Higher viscosity of 1-butanol may negatively affect engine fuel injection system at lower temperatures due to higher resistance to flow and it can also negatively influence the homogenisation of fuel with air mainly for engines with direct injection system. From this view, viscosity of 1-butanol is almost half of isobutanol viscosity at 25 ∘ C (4.3 mm 2 ⋅s −1 ); see Table 1 [5] . It could be a benefit for 1-butanol. Density is associated with an amount of fuel injected into the cylinder. Higher value of density results in higher amount of injected fuel.
The lower heating value (energy density) of 1-butanol is close to that of gasoline. This could have a positive effect (decrease) on the fuel consumption comparable to ethanol [8] .
The Reid vapour pressure of 1-butanol is only 2.3 kPa. In contrast to ethanol, blending of 1-butanol to gasoline reduces the vapour pressure [8, 9] . This would help meet the fuel vapour pressure limits and would help to reduce vehicle evaporative emissions. Research octane number (RON) of 1-butanol is 96 and the value is close to RON of commercial gasoline with RON min. 95; see Table 1 [1, 5, 6] . Isobutanol would be more attractive RON booster due to its higher octane rating RON 113 [5, 10] . Octane number is important but not limited factor for alcohols blended to the gasoline. Two publications cited RON of butanol 113 [11, 12] . The parameter was not measured in the publications. One publication did not specify the isomer of butane [11] . The second work was aimed at n-butanol and it might be an incorrect value of RON [12] . In general, RON of isobutanol is higher than 1-butanol.
Currently, ethanol is used in the EU as a blend with gasoline in the amount of 5 or 10 v/v% or it is distributed in the form of fuel ethanol E85. Due to the polar character of alcohols and their affinity to water the water-fuel miscibility becomes very important factor for distribution of the fuel blends [8] . Alcohols are complete or limited miscible with water. In contrast the solubility of water in hydrocarbons is very small and the value of gasoline is about 100 mg⋅kg −1 (measured in commercial gasolines in our laboratory). An increasing amount of alcohol in gasoline blend increases the solubility of water in the blend. Water in fuel causes, namely, the corrosion and phase separation. Corrosion damages materials used in engine. The phase separation is a big problem of ethanol-gasoline blends because the solubility of water depends on the temperature. Temperature decrease can cause distribution of ethanol-gasoline blend to two phase water-ethanol and gasoline. For this reason the ethanol blends cannot be distributed in the current gasoline supply system via pipelines. The water phase absorbs about 35% of initial ethanol content [8] . In contrast the ability of 1-butanol to absorb a significant amount of water is lower [13] . Unfortunately, actually valid EN 228 does not limit the water dissolved in gasoline.
Solubility of water in 1-butanol is 20.1 w/w% at 20 ∘ C [7] . Solubility of water in 9.2 w/w% 1-butanol blend with gasoline at 15 ∘ C was determined as 0.33 w/w% [14] . Solubility of water is dependent on the hydrocarbon composition of gasoline [8] . In this case, the composition was as follows: 33.8 v/v aromatics and 4.4 v/v% olefines [14] . Other work presented water solubility data for 10 w/w% 1-butanol in gasoline [15] . But the value cannot be reliably cited due to the inadequate axis labelling in the figure [15] . Also the hydrocarbon composition was not specified so the values cannot be compared [15] .
1-Butanol is not as aggressive as the ethanol with regard to the engine construction materials, sealants, and plastics. Gasoline with 20% v/v of 1-butanol has similar properties to the hydrocarbons in terms of swelling of elastomers [1] .
The aim of this work was to describe the properties of 1-butanol-gasoline blends that are important for the petroleum industry. Apparently, very little information about 1-butanolgasoline properties are available. Our experiment is focused on density and viscosity and phase stability with water. In experiments 1-butanol was combined with other oxygenates actually sold on the market methyl-tert.butyl ether (MTBE), ethyl-tert.butyl ether (ETBE), and ethanol. Oxygenates can be blended to the gasoline according to the CSN EN 228. The highest allowed contents are for 1-butanol 10 v/v%, for ethers 15 v/v%, and for ethanol 5 v/v%. Simultaneously content of all oxygenates in gasoline must meet the oxygen content of 2.7 w/w%. In the European Union in EN 228 content of oxygenates increased 10 v/v% of ethanol, 22 v/v% of ethers, 15 v/v% by 1-butanol, and up to 3.7 w/w% of oxygen. Similar increase is expected in the Czech Republic.
Experimental Section
2.1. Materials. 1-Butanol-gasoline blends were prepared from 1-butanol (p.a., 99%, LachNer, s.r.o., Czech Republic) and gasoline without oxygenates and additives (from refinery Ceska rafinerska, a.s, Czech Republic). The composition of gasoline was 11.5 v/v% of olefines and 35.7 v/v% aromatics. The sulphur content was 10 mg⋅kg −1 , the density was 751.3 kg⋅m −3 , and the octane number 94.1. Distillation characteristics: percentage evaporated at 70/100/150 ∘ C was 10/42/88 v/v%, final boiling point 189 ∘ C, and the rest 1 mL. It is a typical gasoline distributed in the Czech Republic. Parameters of gasoline were obtained from the refinery; they complied with the requirements of the national standard EN 228 besides research octane number that was lower than 95 due to the lack of oxygenates. All blends with gasoline Journal of Fuels 3 were prepared by volume at the laboratory temperature 20 ∘ C. Other chemicals used in the blends were ethanol (absolute, Merck, a.s.), MTBE (98.0 w/w%, Ceska rafinerska, a.s., Czech Republic), ETBE (97.6 w/w%, Ceska rafinerska, a.s., Czech Republic), and distilled water (ICT Prague).
Density and Viscosity Measurements. Density at 15
∘ C and viscosity at 40 ∘ C were determined according to the ASTM D7042-04 on the automatic instrument Stabinger (Anton Paar). Repeatability is 0.3 kg⋅m −3 and reproducibility is 1.5 kg⋅m −3 for density according to the ASTM D7042. Repeatability is 0.10% and reproducibility is 0.58% for viscosity according to the ASTM D7042.
Water Measurements.
Water was added to the blends and its content was determined with automatic Karl-Fischer coulometric titration (Diram, s.r.o., Czech Republic) according to ASTM D6304-03. Repeatability and reproducibility: the difference between two results exceeds the following values in one case in twenty: 0.0381 ⋅ 0.6 (w/w%) for the repeatability and 0.4243 ⋅ 0.6 (w/w%) for the reproducibility, where is the mean of duplicate measurements.
Phase Stability Measurements.
Phase stability of the blends was experimentally done as water phase separation according to ASTM D6422-99. The sample was cooled down according to the procedure and every 2 ∘ C it was controlled to identify haze or phase separation occurrence. The precision was not developed in the standard. Repeatability was determined in our laboratory test from ten measurements and the value is 4 ∘ C.
Extraction Measurements.
No standardized measurements for alcohol extraction from gasoline exist. Extraction of 1-butanol from gasoline blend to water phase was done with water in the amount 0.5, 1.0, and 1.5 v/v% added to 100 mL of the 1-butanol-gasoline blend. The extractions were done in the 150 mL volume separation funnel. The extraction time was chosen as 10 min based on the comparison of the amount of 1-butanol extracted between 5 and 60 min. It was found that in the first 10 minutes more than 90% of 1-butanol is extracted from water. The content of 1-butanol was determined in the gasoline phase by GC-FID (PDMS column) in 1 hour after extraction when no visible foam or haze was detected. Identification of 1-butanol was done using retention time. Quantification was done using internal calibration with 1-propanol in the concentration of 5 w/w%. Concentration range used for 1-butanol 0.5-15.0 w/w% were determined using three standard solutions with 0.5-15.0 w/w% of 1-butanol and with the internal standard. Extraction results are expressed as the difference between content of 1-butanol before and after extraction relative to the initial 1-butanol content in % (rel. %). Experimental uncertainty for the concentration of the extraction process was determined from ten measurements to the value 0.5 w/w% of alcohol content in the blend. Table 2 . Density of 1-butanol-gasoline blends varied linearly according to (1) and it increased with the 1-butanol content. Viscosity varied exponentially according to (2). The equations may vary for different gasoline composition. Consider = 0.6288 * + 750.7,
where is density at 15 ∘ C (kg⋅m −3 ), ] is the kinematic viscosity at 40 ∘ C (mm 2 ⋅s −1 ) and is 1-butanol content in gasoline (v/v%). Correlation coefficients 2 is 0.999 for density and 0.998 for viscosity.
In Table 2 , it can be seen that blends of 1-butanol up to 40 v/v% meet density requirements according to the EN 228 (720.0-775.0 kg⋅m −3 ). Viscosity for the same content of 1-butanol is 1.0039 mm 2 ⋅s −1 . The value approaches the limit for the viscosity of the diesel fuel. Table 3. at 20 ∘ C [7] . Because of the limited miscibility of water and hydrocarbons (gasoline) and water and 1-butanol, the mixture of 1-butanol, gasoline, and water is also limited miscible. The ternary system consists of the two limited miscible couples. In contrast, the ternary system for ethanol-gasoline-water consists only of the one limited miscible couple (gasolinewater). In general, the mutual miscibility in the ternary system is next to the composition related very closely to the temperature. And it may be the same problem with phase separation as with ethanol-gasoline blends.
Water Phase
Determination of solubility of water in the 1-butanolgasoline blend was done according to the ASTM 6422 as the phase separation. No similar procedure exists in EN standards. Formation of a haze, at the first, and then formation of two immiscible phases at the next cooling down are typical manifestations of phase separation for ethanol-gasoline blends. Both phases are in liquid form. For the 1-butanol-gasoline blends, the water created crystals at temperatures less than 0 ∘ C were separated in the solid phase. The temperature of the phase separation with crystal formation was called crystallization temperature.
The water solubility determined for 1-butanol-gasoline blends are in Figure 1 . In general, solubility of water in dependence of the temperature fitted the linear equation. Parameters of the linear equations are presented in Table 3 . Data for the ethanol-gasoline blend are determined for both alcohols to compare them (see Figure 1) . The highest concentration of 10 v/v% of 1-butanol was prepared in accordance with the highest limit according to EN 228. The solubility of water in both alcohol-gasoline blends at the 10 v/v% is very similar. The difference between them is about 0.05 w/w% in favour of ethanol. It can be seen in Figure 1 that the slope of the 5% 1-butanol line differs from surrounding lines for blends with 2 and 7% 1-butanol. There is no satisfactory explanation.
Experimental data of all phase separation measurements are in Table 4 . The water solubility in dependence on the 1-butanol content was created for the temperature of −20 ∘ C (see Figure 2 ) from the data in Figure 1 . The dependence (Figure 2 ) is close to the linear fit in this range of the 1-butanol content.
Data in Table 5 were extrapolated from data in Figure 1 experimentally determined during phase separation of 1-butanol-gasoline blends. Data in Table 5 represent the highest content of water that remains dissolved in 1-butanol-gasoline, while the temperature is higher than −30 ∘ C. The temperature −30 ∘ C represents the usual lowest limit of temperature in the Middle of Europe.
It was found that water was separated from the 1-butanolgasoline blend in the solid form at temperatures less than 0 ∘ C. This means that 1-butanol remained in the gasoline phase because the melting points of both gasoline and 1-butanol are very low (see Table 1 ). This is a big benefit as opposed to ethanol-gasoline blends. Experiments with extractions of 1-butanol to the water were done at ambient temperature 20 ∘ C. The extractions of ethanol from gasoline blends were done for both alcohols for the comparison. Water was added to the gasoline blend in the amount of 0.5; 1.0 and 1.5 v/v%. Results are presented in Table 6 . The amount of extracted 1-butanol is dependent on the water and 1-butanol content. The highest decrease of 1-butanol in gasoline phase 10 rel. % was determined for the blend by 5 v/v% of 1-butanol in gasoline and 1.5 v/v% of water. It must be noted that some water added to the 1-butanol-gasoline is dissolved in the mixture. The amount of dissolved water increases with alcohol content in the blend. This is a reason for the lower content of 1-butanol extracted from 10% 1-butanol-gasoline blend in opposite to the 5% 1-butanol-gasoline blend. Comparing to 1-butanol, ethanol is extracted into the water in higher amounts up to 40 rel. %.
Presence of Other Oxygenates.
In previous experiments it was found that 1-butanol-gasoline mixtures are characterised by the formation of solid crystals of water when the phase separation occurs at temperatures less than 0 ∘ C. However, ethanol-gasoline blends form two immiscible liquid phases with ethanol distributed in the both phases. The aim of the following experiments was to determine the properties of mixtures with several oxygenates. Oxygenates can be mixed with the gasoline for the octane number meeting or they can be mixed due to the mixing of different types of gasoline. Actually, ethanol is blended with gasoline to meet requirements of EU directives and MTBE and ETBE are most useful components of high-octane number gasoline (Natural 98 and higher). Base 1-butanol concentrations in gasoline were chosen to 5 and 10 v/v% in experiments. Ethanol at concentrations of 5 and 10 v/v% was combined with both 1-butanol concentrations. See Figure 3 for results. Parameters of the linear equations are presented in Table 3 . Ethanol has high affinity to water. Its addition to the 1-butanol-gasoline phase increases the water solubility in the mixture according to the content of ethanol (Figure 3 Water content (w/w%)
Figure 3: The crystallization temperature of 1-butanol-gasoline blends and the haze point temperature of ethanol-and 1-butanolethanol-gasoline blends. Linear regression equations are in Table 3. 6000 mg⋅kg −1 (see Figure 3) . Ethanol is completely soluble in water and it decreases the melting point of water. For ethanol and 1-butanol mixtures water separated from gasoline phase absorbs an amount of ethanol and two liquid phases occur. During experiment both haze point and phase separation point were found. In Figure 3 , there are crystallization points of 1-butanol-gasoline blends and haze points for 1-butanolethanol-gasoline and ethanol-gasoline blends. 
Water content (w/w%) Figure 4 : The crystallization temperature of 1-butanol-gasoline and 1-butanol-ether-gasoline blends. Linear regression equations are in Table 3 .
MTBE and ETBE in a concentration of 10 v/v% were combined with 5 v/v% of 1-butanol and MTBE in 5 and 10 v/v% was combined with 10 v/v% of 1-butanol. See Figure 4 for results. Parameters of the linear equations are presented in Table 3 . The oxygen content in mixtures is in Table 7 . Ethers added to the 1-butanol-gasoline blend increased the water solubility only a little compared to ethanol. Ethers are slightly soluble in water and they have properties close to hydrocarbons. Crystals of water were detected at the phase separation point at a temperature less than 0 ∘ C and no haze point was detected.
Conclusions
1-Butanol is one of the biofuels produced from biomass. Due to the fact that the oxygen content in 1-butanol is lower than in ethanol, 1-butanol can be added to the gasoline in higher concentrations (up to 10 vol. %) with respect to EN 228 limit to the oxygen content in gasoline. 1-Butanol has high affinity to hydrocarbons and 1-butanol reduces the effect of alcohol extraction associated with water-induced phase separation. Moreover, 1-butanol remains in the hydrocarbon phase if the phase separation occurs at temperatures less than 0 ∘ C. Much of the 1-butanol (about 90 rel. %) remains in the hydrocarbon phase when phase separation occurs at temperatures higher than 0 ∘ C. 1-Butanol is not hygroscopic and it is an important factor for the transportation of fuel in the current gasoline supply system and for the long-term storage of fuels.
Ethers MTBE and/or ETBE can be added to the gasoline for the purpose of increasing the octane number and oxygen content or they can be accidentally mixed in the fuel tank due to another type of gasoline fuelling. The presence of MTBE and ETBE slightly increases the miscibility of 1-butanolgasoline blend with water and decreases the temperature of the phase separation. Ethanol acts in the same way. It increases significantly the water solubility. 1-Butanol increases density and viscosity of gasoline. No data of an influence of these higher parameters on the engine fuel system exists and it needs an additional work.
